The 16S ribosomal RNA (rRNA) gene of Eperythrozoon suis was amplified using gene-specific primers developed from GenBank sequence accession U88565. The gene was subsequently cloned and sequenced. Based on these sequence data, 3 sets of E. suis-specific primers were designed. These primers selectively amplified 1394, 690, and 839 base-pair (bp) fragments of the 16S rRNA gene from DNA of E. suis extracted from the blood of an experimentally infected pig during a parasitemic episode. No polymerase chain reaction (PCR) products were amplified from purified DNA of Haemobartonella felis, Mycoplasma genitalium, or Bartonella bacilliformis using 2 of these primer sets. When the primer set amplifying the 690-bp fragment was used, faint bands were observed with H. felis as the target DNA. No PCR products were amplified from DNA that had been extracted from the blood of a noninfected pig or using PCR reagents without target DNA. The detection limits for E. suis by competitive quantitative PCR were estimated to range from 57 and 800 organisms/assay. This is the first report of the utility of PCR-facilitated diagnosis and quantitation of E. suis based on the 16S rRNA gene. The PCR method developed will be useful in monitoring the progression and significance of E. suis in the disease process in the pig.
Eperythrozoon suis is an extracellular, rod-shaped parasite that attaches to and causes deformity and damage to the red blood cells of pigs. 27 The disease, eperythrozoonosis, is characterized by 4 syndromes: 1) decreased reproductive efficiency of sows, 2) weakness and anemia in baby pigs with increased incidence of enteric and respiratory infections, 3) delayed production gains in feeder pigs, and 4) acute hemolytic anemia in feeder pigs. 5, 14, 35 This disease was first reported in the United States in 1934. 16 Nonetheless, our understanding of this organism and the disease(s) it causes remains largely incomplete.
Eperythrozoon suis has not been successfully grown in agar or cell cultures. Diagnosis of acute infection with E. suis is usually based on direct microscopic observation of organisms attached to red blood cells on Giemsa-stained peripheral blood smears. However, this method has limitations because the parasitemia is transient and parasites are not often seen on blood smears until clinical signs develop. 27 The diagnosis of eperythrozoonosis is also complicated by the lack of a readily identifiable parasitemia in latent and chronic infections. 27 Serologic tests for the diagnosis of eperythrozoonosis, including an indirect hemagglutination (IHA) test 28 and an enzyme-linked immunosorbent assay (ELISA), 15 have been reported. Both of these tests have diagnostic limitations because of marked From the Department of Veterinary Pathobiology, University of Illinois at Champaign-Urbana, Urbana, IL 61802.
Received for publication December 1, 1997. variability in antibody response and failure to identify acutely infected pigs. The lack of an efficient test for diagnosing acute and chronic E. suis infection has resulted in tremendous controversy concerning the true impact of this disease in pig populations. The refinement of the polymerase chain reaction (PCR) during the past decade has presented new opportunities for the development of diagnostic tests that have the potential to be highly sensitive and specific. In this respect, there are reports of a PCR protocol for detection of E. suis infection in pigs based on a 492base pair (bp) sequence (KSU-2) that had been previously isolated from a genomic library of the organism. 12, 13 Many studies have shown that disease-causing, uncultured microorganisms can be detected in clinical samples, such as peripheral blood, using PCR amplification of the 16S ribosomal RNA (16S rRNA) gene. 6, 8, [23] [24] [25] Sequences in this gene that are conserved throughout the eubacteria kingdom can be used as targets for primer-directed DNA amplification of the 16S rRNA gene; however, this amplification lacks specificity. 32, 33 By identifying hypervariable regions within the 16S rRNA gene, primers that are species specific can be designed and subsequently evaluated for their potential as a diagnostic tool.
Current studies are aimed at developing a PCR test for diagnosing swine eperythrozoonosis based on the 16S rRNA gene. To this end, the specificity and minimal detectable number of E. suis organisms in the blood of an infected pig using PCR to amplify fragments of the 16S rRNA gene were determined. AAA AAG GCC CTC GGG TCT TT  GCT TAA CAA GTG TTC GCG GT  TCA ATT ATG TCC CAG GCA CT  CTT AAC TCC AAT CAA AAT TAC C  ACG CGT CGA CAG AGT TTG ATC CTG GCT  CGC GGA TCC GCT ACC TTG TTA CGA CTT  AGC AGC AGT AGG GAA TCT TCC AC  TGC ACC ACC TGT CAC CTC GAT 
Materials and methods
Bacterial strains. Blood from a pig that had been experimentally infected with E. suis a and blood from a noninfected pig (serologically and microscopically negative for E. suis) b was used. The other organisms used to evaluate the PCR assay included Haemobaratonella felis-CC from an experimentally infected cat and Bartonella bacilliformis and Mycoplasma genitalium from ATCC culture stocks 35685 and 49895, respectively. c Based on sequence comparisons and phylogenetic analysis of the 16S rRNA gene 21 and a review of the literature, 26 H. felis and M. genitalium were identified as organisms closely related to E. suis. Another red blood cell parasite, B. bacilliformis, a species previously reported to be closely related to H. felis based on 5S rRNA sequence data (Minnick et al., unpublished data; GenBank accession L24488), was also included.
DNA extraction. DNA was extracted using an adaptation of a method previously described. 30 Total DNA was extracted from whole blood of an experimentally infected pig, a noninfected pig, and a cat experimentally infected with H. felis and from ATCC bacterial culture stocks. Initially, the DNA was extracted by lysing the bacterial cells. Lysing was accomplished by adding 10 l of lysozyme to either 100 l of whole blood or solubilized bacterial culture, incubating the mixture for 1 hr, and then adding 70 l of 10% sodium dodecyl sulfate (SDS), d 6 l of proteinase K (10 mg/ml), d 100 l of 5 M NaCl, and 160 l of 5% hexadecyltrimethylammonium bromide. d The solution was then incubated for 10 min at 65 C. DNA was purified by performing phenol/ chloroform extractions d and ethanol precipitation. The pellet was resuspended in 50 l of sterile distilled H 2 O.
A negative control (all the reagents without DNA sample) was included in each experiment to ensure that none of the extraction buffers or reagents were contaminated with target DNA.
PCR. Reaction mixtures were prepared under a hood that was subsequently irradiated by UV light. To avoid DNA contamination, a separate set of pipettes and aerosol-guarded tips were used exclusively for preparation of reaction mixtures. Standard amplification reactions, as described below, were carried out in a thermal cycler. e The universal (fHf1 and rHf2) and species-specific (E. suis f1, f2, r1, and r2) primers used for 16S rRNA amplification are described in Table 1 . The thermal profiles consisted of an initial denaturation step at 94 C for 10 min followed by 32 cycles of 94 C for 1 min, 50 C for 1 min, and 72 C for 2 min and a final extension step of 72 C for 7 min. The conditions used for amplification with species-specific primers were identical to those above except that the primer hybridization temperature was 54 C for 1 min. The amplified products were separated by electrophoresis agarose gels, which were stained with ethidium bromide and then photographed using standard procedures. A Hi-Lo DNA Marker f was included as a DNA size standard.
Cloning, sequencing, and analysis. Appropriate size fragments were purified g and then cloned into a vector. g Plasmids containing proper size inserts were prepped and purified for sequencing. h Clones were sequenced by a dideoxy terminator method using an automated sequencer e at the Biotechnologies Center, Genetic Engineering Facility, University of Illinois. The 1,394-bp fragment of the 16S rRNA gene of E. suis was sequenced in both the sense and antisense directions.
This 1,394-bp fragment was analyzed at the Ribosomal Database Project to find closely related bacterial species and checked to determine if the sequence was chimeric. 19 The sequence was then aligned and compared with selected GenBank 2 sequences of closely related bacteria using a sequence analysis 7 software package. i Primers that were E. suis specific were selected from known hypervariable regions (V1-V9) of the 16S rRNA gene 4 and/or designed by visually inspecting the sequence to assure maximum divergence from closely related bacteria. 3, 21 Quantitative PCR. Quantitative PCR used to determine the amount of E. suis organisms found in infected blood was determined by the method previously described 17, 34 and adapted for use in this laboratory to estimate the number of H. felis organisms in the blood of cats (S. K. Cooper, unpublished). In competitive PCR, an internal standard is constructed that contains the same primer template sequences as the target DNA and thus competes for primer binding and amplification. The competitor fragment was created by making a deletion in the 16S rRNA target fragment. A standard curve was then generated by coamplification of a dilution series of a plasmid (pHf7) containing the target DNA (template) in the presence of constant amounts of a plasmid (pQHf4) containing a competitor DNA (construct). Following PCR, the amounts of the products generated by the target and competitor sequences were analyzed by agarose gel electrophoresis. Bands were scanned, and their intensity was determined using an a digital imaging system. j A standard curve was constructed by plotting the logarithm of the ratio of the intensity of PCR product of the target sequence to that of the competitor band against the logarithm of the known amount of input target DNA (molecules of target DNA). 20 The standard curve was used to determine the number of molecules of the 16S rRNA gene in an unknown sample. The equation used for calculation of the actual number of molecules of the gene per microliter of blood, Q a ϭ Q e ϫ A/(L ϫ R ϫ C), 17 took into account the efficiencies of 1) PCR amplification (A), 2) lysis (L), and 3) DNA extraction from blood (R). In this equation, Q a is the actual number of molecules, Q e is the number of molecules determined from the standard curve, and C is the dilution factor from whole blood (100 l) to the amount of the DNA preparation (2.5 l from the original 50 l of DNA preparation) used in the PCR. The range estimate for the number of E. suis organisms per microliter also takes into account the assumption that the number of genes coding for the 16S rRNA can vary from 1 to 14 copies. 10, 17 Sensitivity (minimal detection limit) of PCR. The minimum number of detectable organisms in the blood of a pig infected with E. suis was determined. Five-fold serial dilutions, beginning with a 1:50 dilution of genomic DNA preparation, were subjected to PCR using the E. suis f1 and r2 primer set. The minimal detection limit was similarly determined for the f1 and r1 and the f2 and r2 primer sets.
Specificity of PCR. DNA extracted from E. suis, H. felis, B. bacilliformis, and M. genitalium was used as a template in individual PCRs using the E. suis-specific primer sets f1 and r2, f1 and r1, and f2 and r2 and the universal primer set fHf1 and rHf2.
Southern hybridization. The 690-bp fragment of the 16S rRNA gene amplified by PCR using the E. suis primer set f1 and r1 was cut out of the gel, purified, g and used as a probe in the Southern hybridization. The DNA to be labeled was diluted to a concentration of 20 ng/ml in distilled water and labeled with a random prime labeling and detection system k according to manufacturer's recommendations. Genomic DNA from both E. suis-infected and noninfected pig blood was extracted and digested with EcoRI. PCR amplified products generated using E. suis f1 and E. suis r1 were used as a positive control. Genomic DNA and PCR products were subjected to electrophoresis as previously described, denatured, transferred to Hybond membranes, k and probed using standard techniques. 29 The membranes were placed in 15 ml of prehybridization buffer that had been preheated to 60 C and allowed to prehybridize for 1 hr at this temperature with constant agitation. The labeled probe was denatured by boiling for 5 min and then snap-cooled on ice prior to adding it to the prehybridization buffer. After an overnight hybridization at 60 C with gentle agitation and 2 stringency washes in 1ϫ standard saline citrate, 0.1% (w/v) SDS at 60 C for 15 min each, the membrane was blocked, incubated with the antifluorescein antibody conjugated to horseradish peroxidase diluted 1,000-fold in fresh 0.5% bovine serum albumin for 30 min at room temperature, and then washed 3 times in excess 0.1% (v/v) Tween-20. The excess buffer was drained from the washed blot, and the blot was incubated for 1 min at room temperature in the detection buffer. The blot was then exposed to autoradiography film.
Results
PCR using universal primers. The presence of appropriate DNA for amplification was confirmed using universal primers. Using primers fHf1 and rHf2 (Table  1) , an approximately 1,500-bp fragment of the 16S rRNA was amplified from a variety of genera belonging to the eubacterial group. Several other groups have demonstrated priming of most eubacteria using these universal primer sites. 32, 33 As demonstrated in Fig. 1 , DNA extracted from blood of a pig experimentally infected with E. suis during a parasitemic episode and DNA extracted from H. felis, M. genitalium, and B. bacilliformis gave bands of the expected size when they were amplified with this set of primers ( Fig. 1) . When negative controls, DNA that had been extracted from a noninfected pig, or PCR reagents without template were used as target substrates for PCR, no amplification products were generated.
Nucleotide sequence. PCR products of predicted size for the 16S rRNA gene of E. suis were gel purified, cloned into a plasmid vector, and used to transform Escherichia coli. Based on the sequence analysis from several clones, E. suis-specific primer sets were identified, synthesized (Table 1 ; E. suis f1 and r2, E. suis f1 and r1, and E. suis f2 and r2) and used to amplify 1,394-, 690-, and 839-bp fragments, respectively, of the 16S rRNA gene of E. suis (Fig. 2a-c) .
By taking into consideration the secondary structure of the 16S rRNA molecule, the quality of the sequence data was verified (data not shown). 11 The 1,394-bp fragment was also computer aligned to the 16S rRNA sequence of E. suis in GenBank (accession U88656). The overall sequence homology was 99.9%, showing a difference of only 3 bp.
Specificity of PCR. The specificity of the E. suis primer sets f1 and r2, f1 and r1, and f2 and r2 were examined using DNA extracted from noninfected and E. suis-infected pig blood, whole blood from a cat experimentally infected with H. felis, and DNA extracted from ATCC bacterial culture stocks of M. genitalium and B. bacilliformis (Fig. 2a-c) . The expected 1,394-, 690-, and 839-bp fragments of the 16S rRNA gene were amplified from DNA of an E. suis-infected pig. Using primer sets E. suis f1 and r2, and f2 and r2, no products were amplified when H. felis, M. genitalium, or B. bacilliformis were used as target DNA (Fig. 2a,  2c ). However, when the E. suis f1 and r1 primer set was used, a faint band of the appropriate size and several bands of an unexpected size were produced when H. felis was used as target DNA (Fig. 2b) . No product was amplified using DNA extracted from the blood of a noninfected pig or using PCR reagents without target DNA.
Quantitation and sensitivity of PCR. The standard curve, calculated using a least squares analysis, was defined by the equation y ϭ 0.752x Ϫ 5.049, with r 2 ϭ 0.993 where y is defined as the log template/constract and x is defined as the log of input DNA (Fig.  3a) . Because the plasmid containing target DNA rather than that containing E. suis genomic DNA was used in the development of this standard curve, the differences in amplification rates between the 2 fragments ( Fig. 3b) was also determined. The equations for these curves were y ϭ 0.022x ϩ 2.479, with r 2 ϭ 0.899, and y ϭ 0.045x ϩ 1.181, with r 2 ϭ 0.827, respectively. The efficiency of extraction of bacterial DNA from a blood sample was previously determined to be 11.5% Ϯ 1%, and lysis efficiency was Ͼ90% (data not shown; S. K. Cooper, unpublished). The calculation for the estimated number of input E. suis organisms per microliter of blood was between 1.7 ϫ 10 7 and 2.4 ϫ 10 8 . Using E. suis f1 and r2, the expected 1,394-bp fragment was detected to a 1:156,250 dilution (Fig.  3c) . Because, there were 5.02 ϫ 10 7 organism/l of DNA preparation and 2.5 l of each dilution was used for PCR, the minimum number of detectable organisms for the PCR assay was between 57 and 800. Thus, the presence of only 1 organism in every 1,941-27,272 red blood cells was required for detection by PCR. Similar results were obtained using either E. suis f1 and r1 or E. suis f2 and r2 as primers for the amplification reaction (data not shown). This estimate correlated closely with calculations based on the known red blood cell count (3.0 ϫ 106 cells/l) ϫ average number of organisms per red blood cell (10/cell) ϫ percentage of infected red blood cells (90%), which gave a parasite load of between 2.7 ϫ 10 7 and 3.78 ϫ 10 8 parasites/l of blood.
Southern hybridization of PCR products and genomic DNA of E. suis. To confirm the identity of the PCR product, Southern hybridization against genomic DNA that had been digested with EcoR1 and PCR products using a 690-bp DNA probe of the 16S rRNA gene of E. suis (Fig. 4) was performed. The PCR probe was generated using the E. suis f1 and r1 primers and strongly hybridized with the PCR products generated using this same primer set (690-bp fragment). The 690-bp DNA probe also hybridized with 2 genomic DNA bands of E. suis that were not present in the genomic DNA samples from the noninfected pig blood. Lighter bands of nonspecific hybridization were also noted in genomic DNA from both the infected and noninfected pigs. Two specific bands of hybridization had been anticipated. Because the 16S rRNA sequence of E. suis has a single EcoRI site, digestion of the gene produced 2 fragments, both containing portions of the probe sequence. The E. suis probe failed to hybridize with blotted PCR products from bacteria other than E. suis that had been amplified using the E. suis f1 and r2 primers (data not shown).
Discussion
Because transplants from pigs, the most likely donor species, to nonhuman primates or humans is likely in the near future, an improved test for detecting infectious agents such as E. suis is essential. 18 The actual risk that an infectious agent from a pig could be transmitted to humans and cause disease is unknown. In this study, molecular techniques were used to develop a test for detection of E. suis and to begin the process of establishing the role of E. suis as the cause of disease in pigs.
To develop a useful PCR-based test, several nucleic acid sequences in the 16S rRNA gene of E. suis suspected to be specific for this pathogen were identified. The primers designed in this study corresponded to known hypervariable regions in 16S rRNA gene of mollicutes. 4 Preliminary work has shown that 2 of the primer sets failed to amplify DNA from either of the hemotropic parasites H. felis and B. bacilliformis or from a genetically related organism, M. genitalium. However, there at least 6 additional members of the class Mollicutes, to which E. suis belongs, that have been isolated from pigs. 3 Although not yet tested, based on the published sequence data in GenBank, 1 these organisms are unlikely to be amplified using either the E. suis f1 and r2 or the E. suis f2 and r2 primer set.
The use of recombinant DNA probes for detecting E. suis in blood and a PCR assay based on the amplification of KSU-2 DNA have been previously reported 12, 13, 22 ; however, these molecular methods have not been developed into a routine diagnostic assay. The major advantage of PCR for detection of eperythrozoonosis is its very high sensitivity; however, it is a technically difficult and labor-intensive procedure that may be prone to contamination unless strict precautions are taken. Another major drawback of this technique may be the lack of commercially available kits. Therefore, tests that rely on detection of antibodies to E. suis continue to be routinely used to assess infection in swine. Approximately 2,300 serologic tests for E. suis were performed at the Diagnostic Laboratory of the University of Illinois in 1996. Both IHA and ELISA share the problem of a high level of false-negative results due to poor antibody responses, which severely limits the usefulness of these tests for detecting early and chronic infections of E. suis in pigs.
In contrast to tests that rely on an antibody response, PCR directly amplifies DNA of the infectious organism within host tissues and is highly sensitive. With the PCR protocol developed in this study, 57-800 organisms could be detected per assay. Using a probe to detect PCR products, the sensitivity of the PCR assay was increased to 11-154 organisms (data not shown). In contrast, a PCR assay developed elsewhere required approximately 5,000 E. suis organisms to yield a detectable product. 12 Although hybridization improves the sensitivity of the PCR assay and will continue to be used in a research setting, it is unlikely that these additional steps will be included in the routine diagnostic assay where rapid results and ease of performance are essential.
Recent studies have shown that E. suis is not a rickettsial organism but rather is phylogenetically related to the genus Mycoplasma. 21, 26 These findings suggest that the genomic size of E. suis is quite small. Using an estimate for the genomic size of a mycoplasmal organism at 800 kilobase pairs, calculations suggest the limit of detection for the PCR assay developed in this study was between 47 and 658 fg of DNA. 2 These limits of detection are comparable to previously reported results, 2,31 but are considerably more sensitive than that reported elsewhere for E. suis. 12 The sensitivity of the PCR assay described in previous reports for the detection of E. suis was 450 pg of total genomic E. suis DNA. 12 The increased sensitivity of the PCR assay in this report may be related to the method used for DNA extraction or to the use of a different gene. Nonetheless, the diagnostic potential of this assay should be evaluated further in both experimental and field settings. In an experimental setting, clinical, serologic, and microscopic findings in infected pigs should be evaluated and compared with the results of PCR testing. Because of the fleeting parasitemia in acute eperythrozoonosis and low levels of parasitemia in latent infections, there may be a drop in the ability of the PCR assay to detect E. suis in the peripheral blood of pigs during these time periods. However, despite the lack of readily identifiable parasitemia by microscopic methods, prepatent and latent infections with a related pathogen in cats can be detected by PCR using the 16S rRNA gene (Berent et al. unpublished) In the field setting, the efficiency of the PCR assay will be evaluated and the assay will ultimately be used as a tool to answer questions related to the prevalence of E. suis in pig populations and the risk factors associated with positive PCR assay results. This PCR assay will make possible a better understanding of the current role that E. suis plays in diseases of pigs and enable close monitoring of the potential role of this organism as a reemerging pathogen in the event that antibiotics in swine feeds are disallowed. Over the past half century, the addition of antibiotics such as tetracycine to swine feeds has reduced mortality and morbidity from clinical and subclinical infections due to organisms such as E. suis. However, recent findings suggest that subtherapeutic use of antibiotics in animal feeds may pose a threat to human health. 9 If the US Food and Drug Administration were to ban the use of tetracyclines as a feed additive for swine, acute eperythrozoonosis in pigs of all ages could reemerge.
